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Abstract

Implicit samplers are algorithms for producing independent, weighted samples
from multivariate probability distributions. These are often applied in Bayesian
data assimilation algorithms. We use Laplace asymptotic expansions to analyze
two implicit samplers in the small noise regime. Our analysis suggests a sym-
metrization of the algorithms that leads to improved implicit sampling schemes
at a relatively small additional cost. Computational experiments confirm the the-
ory and show that symmetrization is effective for small noise sampling problems.
© 2015 Wiley Periodicals, Inc.

1 Introduction

Markov chain Monte Carlo (MCMC) techniques are widely used for sampling
complicated probability distributions. However, some data assimilation methods
rely on independent samples from known distributions [5, 10, 12,26]. Weighted
direct samplers give independent samples from a proposal distribution that is not
the target distribution, and compensate for this with a random weight factor (see,
e.g., [6] and references there). The variance of the weight factor determines the
quality of the sampler [2, 10, 18].

This paper studies two weighted direct samplers that use Gaussian approxima-
tions of the probability density about the point of maximum probability. One, the
linear map method, has been proposed independently several times and has several
names in the literature; see, e.g., [8], and also [1] for a similar method. The other
is the random map method, which was proposed in [23]. The linear and random
map methods can both be viewed as examples of implicit samplers [3,8,9]. We
introduce a small noise parameter &, similar to that of [27,28]; see Section 2.3 and
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formula (2.13). We analyze the performance of these algorithms in sampling gen-
eral smooth probability densities on finite-dimensional spaces in the limit ¢ — 0.
The methods we study use a Gaussian approximation to the target distribution,
which is valid in the small noise limit. Many data assimilation applications are in
the small noise regime.

We study a standard quality measure of weighted direct samplers. Our analysis
consists of calculating error constants, which are the coefficients of the leading
powers of ¢ in the small noise asymptotic expansion of the quality measures. As
long as simple smoothness and nondegeneracy hypotheses are satisfied, the error
constants for the linear and random map methods differ by a factor that depends
only on the dimension. This factor converges to 1 as the dimension goes to infinity.

The form of the error constant suggests that a symmetrization may remove the
leading error term. We study symmetrized versions of the linear and random map
methods to confirm this. The error is one order smaller in €. The error constants are
not exactly proportional, but their ratio does converge to 1 as the dimension con-
verges to infinity. We present computational experiments that confirm the small
noise asymptotic calculations. The numerical experiments further demonstrate
that the symmetrized methods are more accurate in the small noise regime, and
show that the symmetrized methods may perform significantly better than the cor-
responding “simple” methods even when the noise is not so small.

This paper is organized as follows. Section 2 starts with a precise definition of
weighted sampling and the weighted samplers we study. This includes the basic
methods and our symmetrized versions of them. The small noise hypothesis, which
is only used in the analysis and not used directly by the algorithms, is defined in
Section 2.3. The error constants are defined and listed there. Section 3, which may
be skipped on first reading, presents three technical tricks that simplify the theo-
retical calculations in Sections 4 and 5. Section 4 gives the calculations needed to
find the error constants for the linear map methods; it uses only the variance lemma
from Section 3.1. The analysis of random map methods in Section 5 is more elabo-
rate and requires the Gaussian integral formula of Section 3.2. Section 6 describes
numerical experiments on two test problems that confirm the asymptotic theory in
detail; it may be read without the theoretical sections. Section 7 summarizes our
views of these results and puts them in context.

2 Algorithms, Symmetrization, and Main Results

In this section, we describe the sampling algorithms to be studied in the rest of
the paper. We introduce the small noise scaling used in the analysis in Section 2.3,
where we also state our main theoretical scaling results. The small noise assump-
tion is only used in our analysis and is not needed for formulating the algorithms.

The following notation is used throughout the paper. Let f(x) and r(x) be
two functions on R?. We write f o r if f(x) = Cr(x) for some fixed C. For
distributions depending on &, we write f(x,e) o« r(x,e¢) if there is a C, with
f(x,&) = Cer(x,¢). For any nonnegative f with 0 < [ f(x)dx < oo, there
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is a probability density p o f. We write X ~ p if X is a random variable
whose probability density is p. Suppose X ~ ¢ is a random variable and w is
a nonnegative (weight) function on R¢. We say the pair (X, w (X)) is a weighted
sample of a given probability density p if

Equ(X) - w(X))
Eq(w(X))

for every bounded continuous function u. A weighted sampler of p with proposal q
is a stochastic algorithm that produces X ~ g o g. Itis a direct sampler if succes-
sive samples are independent. The direct samplers we consider have deterministic
weight functions

Ep(u(X)) =

_ S0 p)

@D w0 = © a0

We assume f and g may be evaluated, but the normalizing constants may be un-
known (as is typically the case in applications).

A perfect sampler would have a constant weight function w = C, which would
force p = gq. We measure the quality of a weighted sampler by defining a “quality
measure” Q that measures the nondimensionalized deviation of w from a constant:

Eq(w(X)?)

The measure Q was also used in [28], and several motivations for it are given
in [2,4,10, 19]. In particular, a heuristic relates a collection of N independent
weighted samples to N/R independent unweighted samples, making N/R an ef-
fective sample size. A small Q is important in recursive particle filter algorithms.
There probability densities are sampled recursively as the data are collected, and
the weights accumulate as a product of the weights at each step. Thus, the R of
the product can grow rapidly if the Q of each of the factors is not small. Both
algorithms analyzed here have the property that 9 — 0 as ¢ — 0; the question
that concerns us is the rate of convergence.
The methods we consider sample

p(x) o f(x) = e FO,

We assume that F is smooth and has a single global minimum, which is nondegen-
erate. Unless otherwise stated, we also assume (without loss of generality) that the
minimum is located at x = 0 and that F'(0) = 0. We write a Taylor expansion of
F near 0 as

(2.3) F(x) = %xTHx + C3(x) + -+ + Ce(x) + O(|x|7),
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where H is the Hessian matrix of F at x = 0, and Cj(x) is the homogeneous
(Taylor) polynomial of degree k

1
Cr(x) = o D x®YF(0).
" al=k

We assume F(x) — oo as |x| — oo reasonably quickly. The random map sam-
plers also require that certain equations related to F' have unique and well-behaved
solutions (see below).

2.1 Simple and Symmetrized Linear Map Methods

The simple linear map method uses X ~ m, where 7 is the local Gaussian

approximation that uses the first term on the right of (2.3),
(x) o™X Hx/2

Direct Gaussian sampling algorithms make this possible. Using (2.1) with f =
—xTHx/2 we find that the weight function is

(24) 'LU(X) — e—F(X)"‘XTHx/Z'

e Fandg=e

The simple linear map Monte Carlo algorithm to estimate £, (u (X)) is:

(1) Generate N independent Gaussian samples X ~ 7.
(2) Compute weights Wi = w(X}) using (2.4).
(3) Compute the estimator

N

Die=1 U(Xp)w(Xg)
N
> k=1 w(Xk)

of E,(u(X)).

In practice, the minimizer of F will not be at 0. It is necessary to first find
x4 = argmin F(x) and evaluate H(x.), the Hessian of F at the minimum. This
can be a time-consuming step.

As we will see below, the leading-order term in the e-expansion of O depends
only on C3 (see equation (2.16)). This is not surprising, as the simple method is
based on the approximation F(x) = %xTH x, and C3(x) is the largest correction.
Since C3 is an odd function of x, one may hope that the leading error term can
be removed by a symmetrization analogous to the classical Monte Carlo trick of
antithetic variates [15,16]. We present such a method here and verify in Section 4.2
that it removes the principal error term in the small noise limit.

The symmetrized linear map method is as follows: first draw £& ~ 7 as before,
and evaluate the linear map weights (2.4) for £ and for —&. Note that 7(§) =
7 (—£) so these weights are

Lo_f® [
TTRE T wE
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Then return X = £ or X = —§ with probabilities

w4 w—
2:5) P+ = w++w_’ pP-= w++w_'
These probabilities can have a particle filter interpretation. Consider (§, wy) and
(—&, w-) to form a two-element weighted ensemble. The formulas (2.5) are the
probabilities that would be used to subsample this to a one-element unweighted
ensemble [2].

To find the weight function of the symmetrized linear map method, we must
identify g5 (x), the probability density of X . There are two ways to generate X = x
(using the convention that x is a possible value of the random variable X). One
way is to propose £ = x and then take the 4 choice in (2.5). The other way is to
propose £ = —x and then take the — choice. The probability density for £ = x
is (x). The density for —§ is m(—§) = m(£). The probability to get x if x was
proposed is

) w(x)

X)) = ——""7.

P+ w(x) + w(—x)

The probability to get x if —x was proposed is the same, since
w—(—x) w(—(=x))

p—(—x) = = p+(x).

wi(=x) + w_(=x)  w(=x) + w(=(=x))
Therefore, the pdf of X is
qs(x) = 7(x) p4(x) + 7(—=x) p—(—x)

2w(x)
2.6 =n(x)————.
(26) ( )w(x)—l—u)(—x)
Moreover, if 7 (x) is a normalized probability density, then ¢ is also normal-
ized. This can be seen by using the right side of (2.6)

[ astodx =3 [ @ + a0

1 27 (x)
= — I A _ d
5 | i oy )+ ()
=1.
The weight function (2.1) for the symmetrized method is thus
Q2.7) s (x) o px) jT(X);lju(()jc)) _ wx) +2w(—x)'
qs(x) n(x)m

The simple linear map sampler and the symmetrized sampler have different
symmetries. The simple sampler has a symmetric proposal density and nonsym-
metric weight. The symmetrized sampler has a nonsymmetric proposal density,
qs(x) # gs(—x), but a symmetric weight function. Intuitively one can therefore
expect that the quality measure of the symmetrized method is better because a
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symmetric weight function is “more nearly constant” for small x, particularly in
the small noise regime described below.

2.2 Simple and Symmetrized Random Map Methods

The simple (as opposed to symmetrized) random map method is described in
[23]. We review the method here for notation and completeness.
One first samples € ~ i, and then chooses

(2.8) X = A6)S.
The stretch factor A(§) > 0 is defined implicitly via

29 FO.©)8) = 5 €THE

The random map algorithm gets its name from the map & — X. To ensure the
correctness of the algorithm, we need to assume that equation (2.9) has a unique
solution A > 0 for every & # 0. This will be the case if, e.g., every level set (except
the zero level set) of F is “star-shaped”; i.e., for every ¢ > 0, every straight line
through 0 intersects the level set F~!(c) transversely at exactly two points.

To determine the weight function of the random map method, note thatif £ ~ 7
and X = x(&), then X has probability density

43
det | —
; (ax)
so that we find the weight w from (2.1) to be
ox
det| —
) (a )

choosing the arbitrary implicit constant to be equal to 1 here.
The Jacobian determinant is

q(x(§)) = 7 (&)

’

w(§) =

’

- ETHE
(2.10) w(E) = A(E)4! .
N N TGS
To see this, note that the Jacobian matrix is obtained by differentiating (2.8),
0x
% EIVAE] + A1,

where VA is the column vector with entries d¢; A(§). The determinant identity
detM] + A) = A% + 297 1 ir(A4) + - --
gives

det(g—;) =24 4+ A9 1ETy
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where the terms of order A4 =2 and lower vanish because £ [VA(&)]T is a matrix of
rank 1. A calculation (given just below) gives

To 4 _ . EHE
@2.11) EVE/\_/\(XTVXF 1),

which immediately leads to (2.10). To verify (2.11), we differentiate (2.9) with
respect to &;:

Dk, FOU(E)E) 3, M ()] = (HE);,
j

A
S FO@0) (Y & + 2@, ) = (e
j 1

We multiply by &;, sum over i, and use the relations A(§)§ = x and § = ﬁx:
ETViF(ME)E) ETVEAE) + A(E)E VA F(A(E)E) = ETHE,

%g)xTVxF(k(é)S) ETVA(E) + XV FA()E) = £THE.

Solving for £TV,A(£) gives (2.11).
Our symmetrization of the simple random map method is a natural adaptation
of the symmetrization of the simple linear map method. There are three steps:
(1) Generate a sample & ~ 7.
(2) Compute x4 = A(§) - & and x— = A(=£) - (—£), each using (2.9).
(3) Use x = x4 with probability p+(§) := w(§)/(w(§)+w(—E§)). Otherwise
use x_.

The arguments leading to (2.6) and (2.7) apply here too. The probability density
of X produced by the symmetrized random map method is thus

2 - )
w(§(x) + w(=§(x)) ’
where w(§) is the weight of the simple random map method. The weight function
for the symmetrized random map method is

@12) i) = VOO

where w is the weight of the simple method (2.10).

gs(x) =

2.3 Summary of Small Noise Theory

We summarize the small noise problem and state our main results, which we
establish in detail in Sections 4 and 5. The small noise problem concerns the scaled
density

(2.13) p(x) x f(x)=e F®/e,
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Recursive particle filter applications often call for proposal distributions roughly of
the form (2.13). When the noise parameter ¢ is small, most of the probability in p
is near the point of maximum probability, which we continue to take to be xx = 0.
Therefore F(x) ~ %xTH x (see (2.3)) may be a useful approximation.

We state and derive the small noise theory using a standard scaling,

5 =e!/2x.

This scales the terms in the Taylor expansion (2.3) as

FX) Vg~ 120 1~ ~
=-XH C C
2.14) . 2x X+e 3(X) + eCy(X)

+ &3/2C5(%) + e2C6(X) + 0(7/?).
The target density therefore satisfies
(2.15) P(®) o exp(—XTHT/2 — £'/2C5(F) — eC4(F) — 0(3/2)).

For the rest of the theory, we assume p satisfies (2.15). Following common prac-
tice, we drop the tilde.

Our theoretical results take the form of asymptotic approximations of Q defined
in (2.2). The simple linear map and random map methods have the scaling

0 =¢A+ 0(83/2).
The error constants are
(2.16) A = E-(C5(X)?) (simple linear map),
_ (1+d)?
2+d)4+4d)
The error scaling for the symmetrized methods is
0 =B + 0(s5?),

with error constants of the form

2.17) A Er(C3(X)?) (simple random map).

1
(2.18) B = var, (C4 —5 C32) (symmetrized linear map),

1
2.19) B = var, (C4 3 C32) 4+ cg - K (symmetrized random map).

Here ¢; = O(1/d), and K is a possibly dimension-dependent constant depending
on F'. The exact form is given in Section 5.2.

We have the following conclusions. For both methods, 9 — 0 in the small noise
limit & — 0. This is perhaps not surprising because the Gaussian approximation
becomes exact in this limit. On the other hand, this property cannot be taken for
granted in general; see, e.g., [28].

The simple linear and random map methods have the same order as ¢ — 0, and
the symmetrized methods have a higher order. Thus, for any fixed problem and
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for sufficiently small &, the error constants of the symmetrized methods are signifi-
cantly smaller than the error constants for the corresponding simpler methods. The
ratio of the error constants for the linear and random map methods depends only
on the dimension. This factor converges to 1 as d — co. Thus, in the limits ¢ — 0
and d — o0, the random map methods lose their advantages over the linear map
methods.

3 Analysis Tools

Here we describe three tools that we will use in the analysis of the linear and
random map methods. This section can be skipped on a first reading.

3.1 The Variance Lemma

The variance lemma is a simple way to understand some cancellations that occur
in computing Q for small ¢. It applies to functions u(x, &) of the form

u(x,e) = 1+ &up(x) + e uz(x) + 0().
It states that if

_ E(X,e?)
GD T Ew(X.ep? "
then
(3.2) 0 = ¥ var(u; (X)) + 0(*).

The variance formula (3.2) does not depend on the distribution of X, except that
the same distribution must be used throughout. Expectations involving u, appear
in the numerator and denominator of (3.1) at order O(¢2"), but they cancel to order
O(&?") in the ratio. The verification is straightforward. The numerator in (3.2) is

Eu(X,e)*) = E(1 4 2¢"uy + ¢ (u + 2uz) + O(&))
=1+2¢"E(u1) + ¥ (E(ui) + 2E(u2)) + O(e").
The denominator is
E@(X.#)* = (1 + ¢ Eup) + ¥ E(u2) + 0(e*"))’
=1+2¢"E(u1) + ¥ (E(u1)* + 2E(u2)) + O(e").
Therefore,

0— 1+ 26" Eu1) + e (E@}) + 2E(u2)) + O(*)
T 1+ 2e"E(uy) + €27 (Eu1)? + 2E(u2)) + O(e37)
= [1+2¢"E(u1) + " (E(u3) + 2E(u2)) + O(*")]

x [1—26" E(u1) + 2" (3E(u1)? — 2E(u2)) + O(>)] — 1
= 82r(E(u%) — E(u1)2) + 0(%).
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Note that this conclusion depends on the existence of a function u, (x), but it does
not depend on what u is.

3.2 Evaluating Rational Gaussian Expectations

The random map analysis in Section 5 leads to Gaussian expectations of the

form
C (5))
NGRS
where C(§) is a homogeneous polynomial of some degree. These are related to
expectations of C(£). In fact, if f(§) is homogeneous of degree ¢, then

(3.3) (¢ + d)Ex f(§) = Ex([E* f(§)).
Taking C(£) of degree p and f(£) = C(£)/|£|? or taking f(§) = C(§)/§|* gives
q=p—2orqg=p—4,and

cey_ 1
Ex( G ) = mya B CE)

or (iterating twice)

@) 1
3.4 E ( = EL(C(§)).
NEH) T st D -2+d) T
This result, which may be derived as a I'-function identity, is surely not new.
We give an elementary derivation that uses the function

10) = [ feoe 2 ag,

On one hand,
1) =1t [ f@e 2 ag = 11101,

On the other hand, we can change variables with r§ = 7 to get

10) = [ fone /e

Now differentiate with respect to  and set r = 1:
_ 1 _in2/(2r2y AN
g W) = 10) = 5 [ Fplae e €
_ 2,~In/@r?y _dn_
d [ rinfe ey
_|£12
a1 = [ @2 dg — anq,

@) [ @ as = [ e e e
This is the desired (3.3).
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3.3 Wick’s Formula

The general analysis leads to quantities such as E, (C32). Wick’s formula [17]
can be used in this context to derive specific formulas.

Recall that the distribution of a mean zero multivariate Gaussian is completely
determined by its covariance matrix. Therefore, the expected value of a higher-
order monomial is a function of the covariances. Wick’s formula (3.3) is this func-
tion. Of course, the expected value of an odd order monomial is 0; Wick’s formula
gives the even-order moments.

The general version of Wick’s formula is as follows (see, e.g., [17]). Suppose
X =(X1,....Xy) € R is a multivariate mean zero Gaussian with covariances
Cij = Ex(X;Xj). Letig, fork = 1,...,2n, be a list of indices with repeats
allowed. Let M = Xj, ---X;,, be the corresponding degree 2n monomial. A
pairing is a partition of {1,...,2n} into n sets of size 2

P = {{ki.li}, ... {kn, In})
A pairing has the property that

{(1.....2n} = | J{kr Ir}.

r=1
The set of all pairings is P. The number of pairings is
Pl = @n—1)2n—-3)---3 = 2n— 1.

There are no pairings of a set with an odd number of elements. Wick’s formula
gives the expected value of a monomial of even degree as a sum over all pairings
of the indices:

2n n n
E”(l_[ Xik) - Z l_[ Ex(Xiy, Xij,) = Z 1_[ Cig, iy, -
k=1

PePr=1 PeP k=1
As an example, ford = 1 and 2n = 6, X ~ N(0,02), there are 5-3 = 15
pairings, so
(3.5) E(X%) = 15(c%)3 = 150°.

We illustrate the use of Wick’s formula by evaluating the error constant (2.16).
We use the simplified notation Fjjx = dx, dx; dx, F(0) and write

1
Cs; = 3 Z Fijkxixjxy
ijk
and |
C3 = Y3 Z Fijk FimnXi Xj Xp X1 XmXn.
ijkimn
There are two kinds of pairings. One kind pairs one of the indices {i, j, k} with
another of the {i, j, k}. This forces one of the {/, m,n} to be paired with another,



12 J. GOODMAN, K. L. LIN, AND M. MORZFELD

and the unpaired index from {i, j, k} to be paired with the unpaired index from
{l,m,n}. An example of this kind of pairing is

P == {{la k}v {j,l’l}, {l’m}}

There are nine such pairings, since the unpaired index from each triple is arbitrary.
The expectations are all equal because Fjjj is a symmetric function of its indices.

The other kind of pairing has each of the {i, j, k} paired with one of the {/, m, n}.
An example of this kind of pairing is

P ={i,m},{j.n}.{k. 1}}.

There are six such pairings, since i is paired with one of the three {/, m, m}, then j
with one of the remaining two, then k& with the last one. The expectations are again
equal. Altogether

1
Ex(C3) =22 D FiskFimn(9Cij Cit Cmn + 6Ci1 Cjm Cien)-
ijkimn
This formula simplifies in the case of an isotropic Hessian H = [ (i.e., Cji =
8;k). In that case, the Cj; Cg;Cpyp terms vanish unless i = j, k =/, and m = n.

The C;j Ci;Cpnpn terms give
> Fiik Fumk = IV A F(O)[72.
ikm

(For any tensor A, we denote the euclidean 2-norm of all its entries by | A||,2
regardless of the rank of A.) The C;;Cjy, Cgp, terms give

> Fie = ID*FO)Z.

ijk
Taken together, these give
1 1
Ex(C3) = IV & FOIE + £ ID>FO)}-

The compact expressions on the right represent the two distinct ways a quadratic
function of the Fjjx can be rotationally invariant.

4 Analysis of Linear Map Methods

This section contains the calculations behind the results (2.16) and (2.18). We
estimate the expectations required for Q (see (2.2)) using the Laplace asymptotic
expansion method; see, e.g., [24]. The calculations are easy to justify if F' has a
unique global minimum and F — oo rapidly enough as |x| — oo.
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4.1 Laplace Asymptotics for the Simple Linear Map

We wish to calculate the expected value of the weight and the expected value
of the square of the weight for the linear map method in (2.4). We use the Taylor
expansion of F in (2.14) to obtain a Taylor expansion of the weight

w(x) = e—€'/?C3(0)—eCa(x)+0(¥2)

=1-[!/2C3(x) + eCa(x)] + %[81/2C3(x)]2 + 0(£%/?)
.1 =1-¢"2C5(x) + e[% C3(x)? — C4(x):| + 0(s%/?).

Recall that C3(x) is an odd function of x and 7 (x) is symmetric. Therefore
E(C3) =0,s0 E (C_,)z) = var, (C3) and the variance lemma (3.1) with r = %
gives

Q = evarg (C3) + O(e%?) = eEx(C3) + O(¥/?).
This is the desired result (2.16).

4.2 Laplace Asymptotics for the Symmetrized Linear Map

We obtain the Taylor expansion of the weight of the symmetrized linear map
method from (2.7) and from the expansion of the weight of the simple linear
map method in (4.1). We note that the term that is antisymmetric in x, which
is C3(—x) = —C3(x), cancels, so that

4.2) wg(x) ~ 1+ s[% Cc3? - C4(x):|.

To apply the variance lemma, we first show that
_ Eq,(ws(X)?) 1= Ex(ws(£)%) _
Eq, (ws(X))? Ex(ws(§)>

This shows that we can average over ¢ instead of X when computing the quality
measure (. To see why, note that (2.6) implies that for any function u,

0

(2w
B0 = Ex (0 ).

Together with (2.7), this implies that

B 2w()
Eqs (0s(X)) = Ex (w(é) Tw D) ““(5))

_E ( 2w(§) w(S)-i-w(—E))
"\w(E) + w(=§) 2

= Ex(w(§)).
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The last equality follows from the symmetry of 7. Similar algebra and symmetry
reasoning leads to

2
Eqy(ws(X)?) = E,,( 2w(§) [w(é) +w(—§)] )

v +wEHl 2
SN PRELELEY
= Ex(u,()).

Applying the variance lemma to the above expression, with expectations over £,
and using (4.2) leads to the error term (2.18).

5 Analysis of Random Map Methods

We analyze the simple and symmetrized random map algorithms in the small
noise limit ¢ — 0. For the analysis, we use the fact that the random map sampler is
affine invariant. This means that if M is an invertible d x d matrix and y = M x,
then the behavior of the random map sampler is identical when applied to F(x) or
to G(x) = F(Mx). Since H is nondegenerate, it is possible to choose M so that
the Hessian of G is the identity. Without loss of generality, we put H = [ in our
analysis of random map samplers. See [13] for a discussion of the value of affine
invariance in practical Monte Carlo.

5.1 Simple Random Map

It is easy to determine the leading powers of ¢ in the expansions of Q for random
map methods. The simple method has w = 1+ O(&'/2), which the variance lemma
(3.2) turns into Q = O(¢). The symmetrized method (2.12) symmetrizes w, which
eliminates the O(e'/2) term, leaving wy = O(e) and Q = O(&?). It takes a more
detailed calculation to find the error constants (2.17) and (2.19).

It is clear that with our assumptions w has an asymptotic expansion in powers of
el/2 as required by the variance lemma. For the error constant of the symmetrized
method, we need explicit expressions up to O(g). We calculate the expansions of
the quantities that enter into w, then combine them. We write a(§,¢) ~ b(£, ¢) if
a and b agree up to order &.

With our normalization H = I, we obtain from (2.14)

1
F(x) ~ 5|x|2 + &'/2C5(x) + eCa(x).

To find an expansion for A, we substitute the ansatz

(5.1) AE) ~ 1+ e200(8) + eda(E)
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into (2.9). We find that

SR & PP + e PAE CE) + A ) Cal)

1 1
~ I VAP o] 547 s e

[\

+ &2[1 4 361/204]C3(8) 4 £Ca(£).
Collecting terms of 0('/?) gives

0= A1 (§)[E]* + C3(6).

which can be rearranged to

—C3(%)
A = .
1(§) BE

The O(e) equation is

1
0= [5 M€+ Az(é)]lélz +311(E)C3(E) + Ca(®).

Solving for A, yields

SCE? Ca®)
h2) = 3T e

We now expand the weights (2.10). For the denominator, we compute the gra-
dient of F:

VF(§) ~ £ + e/2VC3(8) + eV Ca(E).

Since C3(£) is homogeneous of degree 3, we have VC3(A1£) = A2V C3(§), and
Euler’s identity gives £TVC3(£) = 3C3(£). Therefore,

ETVF(A(E)E) ~ A(E)|E]* + e1/2A(5)%ETVC3(E) + e£TVCa(E)
~ [E12 4 21 (9) €] + 3C3(8)]

+ e[ A2 (E)EP + 621 (5)C3 (&) + 4Ca(®)]

2
(5:2) ~ £ + /22C5(6) +s[3C4(§)_ ;Cfs(? ]

For the numerator in (2.10), use the identity
I+a0)?T=14+d-Da+ %(d —1)(d —2)a® + 0(c?)
to obtain
A4 (1 + 6200 + 62p)? 7!
~ 14 e2(d — DAr +e[(d — DAz + 2(d — 1)(d —2)A3]

pU=dCE) | 1)[01 +3 G c4(s>]_

5.3 ~ 1+
63 ¢ B 2 e P
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We use (5.3) and (5.2) to evaluate w to order &:

2 g HS
617 +e1/22C3(8) + e[ 3Ca(6) - § S8

_ 2
{141/20=0CO 4 o(q - 1)[ 442 GEE _ G g2
w(é) ~ '

This has the form

1+ e 2aq + b
T 14 el/2¢ +ed
with coefficients

(5.4 w %1+81/2(a—6)+8(C2—d—aC+b)

(1-d)C5(8) [d + 3 C5(§)? C4(S)]
=35 p=@d-1 - ,
e @D T ™ e
_ 2C3(8) J = 3C4(5) 7 C3(§)?
&2 &1 2 |EF
The term of order £!/2 in 5.4)1s
2
(5.5) a—c=—(d+ 1)C3 ©)

&2
This suffices for the error constant for the simple random map method. The
variance lemma formula (3.2), together with (5.5), gives

0 ~ e(d + 1)2Ey (Crs('i)z).

The expected value can be evaluated using the Gaussian integral identity (3.4).
Since C32(§) is degree p = 6, we have
(d +1)?
Oreg———""—
d+2)d+4)
This is the desired result (2.17).

Ex(C3(§)%).

5.2 Symmetrized Random Map

The analysis of the symmetrized random map requires the O(¢) term in the w-
expansion (5.4). The result is

 + 2)2(d + 4 Cis(ﬁ‘)z s 2)(/;2'(5)'
The w symmetrization formula (2.12) then gives
ws(E) ~ 1 + s[(d T 2)2(d +4 Crg('i)z —d+ 2)?275)]
The variance lemma (3.2) then implies that
o pen DLy 1080)
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We now expand the above and rearrange the terms for direct comparison with the
result (2.18) for the symmetrized linear map:

) (d +2)(d +4) C3(6)?
Q‘”ar”( 2 |s|4)
I
d d C 2 C
e e ety G
II
+ &% vary ((d + 2)?2—?5)) .

I

Consider term I. We have

((d +2)(d +4) Cs(é)z)
I = vary
2 14

_@+22d+ 9, (03@)4)_ [(d+2><d+4)E (c3<s>2)]2
B 4 "\l 2 e )1

Using (3.4) and a direct generalization of it, we get

£ (Cs(S)Z)_ Ex(C3(6))
AN

d+2)(d+4)
. (Ca(é)“) _ Ex(C3(6)")
SWEE

T (d +4(d +6)(d +8)(d + 10)°
Thus,

_(d+2)2(d + 42 Ex(C3(8)% 1 N
T 4d+4)(d +6)d +8)(d + 10) [5 Ex(G(®) )]

1 (d +2)%(d + 4)?
4 4 {

_1! ay_Lf 4
= Var,T(C3(§)) 1 (d+4)(d+6)(d+8)(d+10)}EH(C3(S) )-

Similarly, we have

(@ +2*d+9
(d 4+ 4)(d + 6)(d + 8)

= lcovn(Cs(S)z, Ca(§)) — % : ; 1

- | ExCatercaten

(d +2)?

III = vary, (C4(§)) — % 1— m

} En(Ca®)?).
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When d is sufficiently large, we can rewrite the expressions for I-III in a more
concise way:

1= e (€367 — (5 +00/d%) ) Ex(@a®)),
= %covn(@(sﬂ Ca(§)) — (g + 0(1/d2))En(Cs(é>ZC4(S)>»

11 = var, (Ca(§)) — (g ; 0<1/d2)) En(Ca®)?).
This leads to
0- sz[varn (% (&) c4(s)) feq- K] 0@,

where ¢; = O(1/d) and K is a combination of moments of C3 and Cy4. This
verifies the stated result (2.19). We see that for d > 1, the variance of the sym-
metrized random map method approaches that of the symmetrized linear map. The
above also shows that in low dimensions, the variance of the symmetrized random
map may be smaller than that of the symmetrized linear map, though exactly how
much depends on the degree of correlation between C3(£)? and C4(£).

The error term of the symmetrized methods in (2.18) and (2.19) can in princi-
ple also be evaluated using Wick’s formula; however, the calculations are much
more involved. We illustrate how to use Wick’s formula for the error terms of the
symmetrized methods with an example.

6 Computational Experiments

We present computational experiments that confirm the theoretical error analysis
above for small ¢ and suggest what may happen when ¢ is not so small. We use two
test problems. One is a nonlinear random walk whose dimension is arbitrary. This
allows us to see how the samplers’ performance depends on the dimension. We see
that the samplers perform worse in higher dimension, but they are still quite useful
in dimensions of practical interest. In the other example we apply the algorithms
to a data assimilation problem with the “Lorenz '63” model [20]. The goal is to
sample the posterior distribution of the initial conditions in the presence of noisy
observations of the state at later time.

6.1 Nonlinear Random Walk

Consider a non-Gaussian random walk tied at the start and free at the end. The
random variable is X = (Xq,...,Xn), with Xo = 0 implicitly. The Gaussian
random walk potential is

N-1

(6.1) X' Hx = Z(ka — x)?
k=0
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where xo = 0. We make the walk non-Gaussian by adding cubic and quartic terms
to the potential energy. The nonlinear parts are discretizations of a nonlinear energy
functional:

N—-1 N-—1
Ci(x)=a Y (41 —x)° and Ca(x) =B D (xxq1 — xp)*
k=0 k=0

The coefficients o and 8 would be called “coupling constants” in field theory, and
both are set to 1 in our numerical experiments below. In the Gaussian measure de-
termined by (6.1), the increments (X 41 — Xi) are independent standard normal
random variables. We can use this to calculate

Ex(C3(X)*) = a® ) " Ex((Xj41— X;)* X1 — Xp)?).
jk
The terms on the right-hand side with j # k vanish because the increments are
independent. The terms with j = k satisfy, using Wick’s formula (3.5),

Ex((Xe+1— Xp)°) = Eno,)(Z°) = 15,
o)
E(C3(x)?) = 15a2N.
Thus, the simple linear method for this problem has the quality measure (see (2.16))

(6.2) 0 ~ el5a>N.

The simple random map quality measure (2.17) is slightly less:
N(N +1)2

(6.3) 0 ~ ¢l5a? W+1

(N +2)(N +4)
It is tedious but straightforward to calculate the error constant for the sym-
metrized methods. We need

1 ., 1 ., 2 1 ., 2
vary C4 - 5 C3 == En C4 - 5 C3 - E]-r C4 - 5 C3 .
The first part is
1 2 2 2 1 4
We evaluate these three using Wick identities; first,

Ex(C3) =B Eno.y((Xj1 — X)* Xiy1 — Xp)*)
Jk
- ﬁz[z E((X741 — X)*(Xier — Xo)®)
J#k

+ D E((Xj1 = X)* (X — Xk)4)] =
j=k
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= B*[(N*> = N)E((X2 — X1)*(X3 — X2)*) + NE((X2 — X1)®)]
=3.382N? + O(N).

We write numbers in factored form, as in 3 - 3 instead of 9, for clarity.
The second term is

Ex(C4C3) = o?B Z Eno,n)((Xj+1 — X)*Xet1 — X)> (Xp41 — X))
kI
= 052/3[ Z E((Xj+1— X)*Xet1 — Xo)* X1 — X0)°)
A (k=1)

+ Y E((Xj41— X)* X1 — X (X1 — Xz)ﬂ
j=k=lI

= a?B[(N* = N)E((X2 — X1)*(X3 — X2)°) + NE((X2 — X1)'°)]
=3-5-3a2BN? + O(N).

The factor of 3 in the third term is for the three possibilities (j = k) # (I = m),
and (j =1) # (k =m),and (j =m) # (k =1):

Ex(C3) =a* Y E((Xj41 — X))*(Xg1 — Xp)°

jkim
(X141 = X1)? X1 — Xm)?)

_ a4[3 3 (X1 — X)3(Xesr — Xp)?
(J=k)#(I=m)
(X141 = XD Xma1 — Xm)?)

+ E((Xj+1— X)) (Xkg1 — Xp)?

(X141 = X (Xms1 — Xm)3)]
= o*[3(N? = N)E((X2 — X1)* (X3 — X))
+ NE((Xz - Xl)lz)]

64)  Ex(C3)=3-(5-3%a*N?+ O(N).
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Adding these gives

1 2
(o3 ) -
Nz(ﬁ2-32—oe2,3-3-5-3+%a4-3-(5-3)2) + O(N).

A simpler calculation shows that £ (C4 — %Cf) = O(N). Subtracting the terms
finally gives

4772
var,,(c4 — 1c32) = lo/‘N2-2-(5~3)2 + O(N) = 22507 N7
2 4 2
It is now clear that the simple methods have error coefficients proportional to e N,
and the symmetrized methods have error coefficients proportional to (s N)?.

We perform numerical experiments and vary N and ¢. In these experiments,
we approximate the expected values in the quality measure Q by averages over
104 samples. We protect the computations against over- and underflow as follows.
Instead of saving the weight, we save the logarithm of the weight of each sample.
This is straightforward for the linear map. For the symmetrized linear map, we use

+ O(N).

wsLm (X) X wrm(x) + wrm(—x)
wim(—x
= wLM(x)(l + L))
wrm(x)
where wpy is the weight of the simple linear map and wspy that of the sym-
metrized linear map. We then compute

wLM(_x))
wrm(x)
= log(wrm(x)) + log(l + exp(F(x) — F(—x))).

For the random map we save the log of the weight

log wrm(x) = (d — 1) log(|A(x)|) + log(§THE) — log(§" Vi F(A(x)§)).
For the symmetrized random map, the log of the weight is

log wspm(x) = log(wrm(x)) + log(l +

log wsrm(x) = log(wrm(x))

A=)\ ETVL F(=A(—x)§)
“"g(”(m)) EV, FOL0E) )

Once we have computed the logarithms of the weights for each sample, we sub-
tract the maximum value of the logarithms of the weights, then exponentiate, then
normalize.

The left panel of Figure 6.1 shows QO as a function of ¢ for N = 2, and the
right panel for N = 200. The dots, circles, squares, and diamonds are values of QO
computed from the samples, the lines have slope 1 or 2, and are there to illustrate
the “order” of the method. Specifically, the turquoise line is as in (6.2), the red
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FIGURE 6.1. Sampling nonlinear random walks. Left: N = 2. Right:
N = 200. Turquoise squares: linear map (LM). Blue diamonds: sym-
metrized linear map (SLM). Red dots: random map. Purple circles:
symmetrized random map. The turquoise and red lines have slope 1;
the purple and blue lines have slope 2. The turquoise line is as in (6.2),
the red line as in (6.3), and the purple line on the left is as in (6.4).

line as in (6.3), and the purple line on the left is as in (6.4). The numerical results
confirm our asymptotic expansions for sufficiently small e. We have made similar
observations for other values of N < 1000. Specifically, for N = 2, we observe
that the numerical results agree with the predicted values for relatively large ¢ (up
to &€ & 0.01). For ¢ > 1073, the linear map method, the random map method, and
the symmetrized linear map method are similarly good (as measured by Q). All
four methods are doing equally well when ¢ becomes even larger. Moreover, all
four methods can be useful in this problem, in the sense that Q is “not too large,”
even when ¢ is close to 1.

We observe in the numerical experiments with N = 200 that the random map
loses its advantage over the linear map when N becomes large. This is true for the
simple and symmetrized versions of these methods. We observe that the results of
our experiments agree with our predictions for & < 1073, For larger ¢, all methods
perform poorly and yield a large Q > 1 fore > 1073,

Figure 6.2 illustrates the scaling of Q with N as computed by Wick’s formula.
Shown is Q as a function of N for the various methods. As predicted by the theory,
we observe that the symmetrized methods have leading error terms proportional to
(eN)?, and that the simple, unsymmetrized methods have error terms proportional
toeN.

6.2 Lorenz’63
We consider estimating the initial conditions of the Lorenz *63 [20] equations

dx dy dz

2 =00 —x). —=x(p—2) -y, - =xy—pz,

where 0 = 10, B = 8/3, and p = 28, from noisy measurements of x, y, and z at
time 7':

d = (x(T), y(T), z(T))" +v.
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FIGURE 6.2. Scaling of Q with N. Turquoise squares: linear map
(LM). Blue diamonds: symmetrized linear map (SLM). Red dots: ran-
dom map (RM). Purple circles: symmetrized random map (SRM). The
turquoise line has slope 1; the blue line has slope 2.

The Gaussian random variable v ~ A(0, e/3) models measurement noise. The
above ordinary differential equations (ODE) are solved with MATLAB® routine
ode45. The prior for the initial conditions is Gaussian with arbitrarily chosen
mean

1o = (3.6314, 6.6136, 10.6044)T

and covariance Py = ¢/3. The conditional random variable x¢ | d thus has the pdf
p(xo | d) = exp(—F(xo)/e), where

F(xo) = l((d — h(x0))"(d — h(x0)) + (o — x0) (1o — Xo)).
2

so that this problem corresponds to a “small noise” situation. Here x¢ is shorthand
notation for the vector (x(0), y(0),z(0))T, and &(x) is the ode45 solution of the
ODE:s at time T. The initial conditions we use to generate the synthetic data for
our numerical experiments are

T
X0,true = HO + 0-5(\/5, —«/g, \/E) .

We generate samples of xo | d using the linear and random map methods
described above and vary ¢ and 7. The minimization required by the sampling
schemes is done with a quasi-Newton method where all derivatives are approxi-
mated with finite differences. Similarly, we approximate the Hessian at the mini-
mum via finite differences.

We first fix ¢ = 1 and vary T, i.e., the time when data are collected. As T
becomes larger, the problem becomes more and more difficult and multiple modes
can appear [21,22]. Figure 6.3 shows Q as a function of 7. We observe that the



24 J. GOODMAN, K. L. LIN, AND M. MORZFELD

LM
SLM |7
RM

SRM

oedn

107 107" 10°

FIGURE 6.3. Estimating initial conditions of the Lorenz 63 equations.
The parameter ¢ = 1 is constant and the time 7" at which data are col-
lected is varied. Turquoise squares: linear map (LM). Blue diamonds:
symmetrized linear map (SLM). Red dots: random map (RM). Purple
circles: symmetrized random map (SRM). The turquoise and red lines
have slope 4; the blue and purple lines have slope 6.

symmetrized methods perform better than the simple versions and give a signifi-
cantly smaller Q-value. For small T, the computed values of Q follow a straight
line with slope 4 for the random and linear maps and slope 6 for the symmetrized
methods. For T ~ 1, all four methods perform similarly well (the symmetrization
seems to lose its advantages) and for 7" > 1, the methods perform poorly. This is
perhaps because the pdf we attempt to sample becomes multimodal and therefore
is no longer star-shaped. However, we made no adjustments to address multimodal
target densities.

Next, we fix T = 0.05 and vary . In this case, the pdf has the functional
form we analyze, and the scenario is analogous to the “small noise accurate data”
regime analyzed in the context of particle filtering in [28]. Figure 6.4 shows Q as a
function of €. As in the previous example, we find that our numerical experiments
confirm the predicted behavior, even if ¢ is relatively large.

7 Conclusion and Discussion

We have performed a small-noise analysis of two implicit sampling methods, the
linear and random map methods. The analysis shows that the random map method
outperforms the linear map method in the small noise regime, but this advantage
becomes insignificant in high dimensions. The simplicity and relative speed of the
linear map method thus makes it more attractive in the limit of small noise. The
analysis further suggests that both methods may be improved by a symmetrization
procedure analogous to antithetic variates. We illustrate the theory with numerical
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FIGURE 6.4. Estimating initial conditions of the Lorenz 63 equations.
The data are collected at time 7 = 0.05 and the parameter ¢ is var-
ied. Turquoise squares: linear map (LM). Blue diamonds: symmetrized
linear map (SLM). Red dots: random map (RM). Purple circles: sym-
metrized random map (SRM). The turquoise and red lines have slope 1;
the blue and purple lines have slope 2.

examples which also suggest that the symmetrized algorithms may outperform the
simple, unsymmetrized algorithms even when the noise is not so small.

We wish to emphasize two points that are important in practice. The first con-
cerns weighted direct samplers as used in particle filtering. Some methods pro-
posed for practical applications do not have  — 0 and may even have 0 — oo
as ¢ — 0. For example, the “vanilla” bootstrap particle filter [14], which proposes
samples from a proposal distribution that does not take into account the most recent
observation, has O — oo [27]. The present samplers all make proposals centered
about the MAP (maximum a posteriori) point, which takes into account the most
recent observation. There is much discussion in the literature of the advantages of
doing this [7,11,18,25,29].

Second, we wish to address the computational cost of the algorithms we analyze
and propose. In practice, the cost is roughly proportional to the number of eval-
uations of F' and its derivatives. Even our Lorenz ‘63 example requires an ODE
solve to evaluate F'. The rest of the algorithm is cheap by comparison.

All of our methods start with computing x, = argmin F(x). This requires a
number of evaluations of F and possibly its derivatives (for numerical optimiza-
tion). We also need the Hessian of F, either by formulas, adjoints, or finite differ-
ences. The simple linear map method requires one more evaluation of F(X) per
sample. The symmetrized linear map method requires two F evaluations. In parti-
cle filter applications, we may want just one sample. In that case, the optimization
is more expensive than sampling. Other applications may require many samples,
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in which case the cost is roughly the number of samples times the cost for one or
two F evaluations.

The simple random map must solve (2.8) once for each sample. This is one
equation in the single unknown A. It is normally solved with just a few F eval-
uations. As with the linear map methods, generating one sample using the sym-
metrized method requires roughly the work of two samples from the simple ver-
sion, though by exploiting the ansatz (5.1) for A, one can obtain a good initial guess
for finding A(—£) based on A(§). This may speed up the symmetrized method.
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